This study is concerned with the role of a fin-and-tube heat exchanger in modifying 24 microbial indoor air quality. Specifically, depositional losses of ambient bioaerosols and 25 particles onto dry (not cooled) and wet (cool) coil surfaces were measured for different 26 airspeeds passing through the test coil. Total, bacterial and fungal DNA concentrations in 27 condensate water produced by a wet coil were also quantified by means of fluorescent 28 dsDNA-binding dye and qPCR assays. Results revealed that the deposition of bioaerosols and 29 total particles is substantial on coil surfaces, especially when wet and cool. The average 30 deposition fraction was 0.14 for total DNA, 0.18 for bacterial DNA and 0.22 for fungal DNA 31 on the dry coil, increasing to 0.51 for total DNA, 0.50 for bacterial DNA and 0.68 for fungal 32 DNA on the wet coil. Overall, as expected, deposition fractions increased with increasing 33 particle size and increasing airspeed. Deposited DNA was removed from the cooling coil 34 surfaces through the flow of condensing water at a rate comparable to the rate of direct 35 water over time provides suggestive evidence of biological growth on heat exchangers during 37 nonoperational times of a ventilation system. This investigation provides new information 38 about bioaerosol deposition onto a conventional fin-and-tube cooling coil, a potentially 39 important factor influencing indoor exposure to microbial aerosols in air-conditioned 40 buildings. 41
Introduction 43
The fin-and-tube heat exchanger is a ubiquitous component of air-conditioning systems in 44 mechanically ventilated buildings, employed to condition the temperature and humidity of air 45 delivered to indoor environments (Pongsoi et al., 2014; Tang et al., 2016) . In warm seasons 46 for temperate and subtropical climates, and during the whole year for tropical climates, the 47 heat exchanger (commonly referred to as a cooling coil) is utilized to cool and dehumidify 48 the air (Chen et al., 2016) . The aggregate energy transfer at this location across all air-49 conditioned buildings accounts for much of the total energy demand and also peak energy 50 demand during warm conditions in cities worldwide (Siegel and Carey, 2001) . 51
The air supplied to mechanically ventilated buildings inevitably passes over heat-52 exchanger surfaces and the interaction between the air and the cooling coil surfaces can 53 modify air quality, both for the flow path from outdoors to indoors and for recirculating 54 airflows. Modeling and experimental studies reveal that some particles in the airstream could 55 deposit onto the heat exchanger surfaces (Siegel and Nazaroff, 2003; Waring and Siegel, 56 2008; Gröhn et al., 2009; Grigonyte et al., 2014) . Some studies also have suggested that 57 previously deposited particles on coil surfaces could become reentrained in the airflow and 58 constitute a secondary source of indoor particles (Siegel and Carey, 2001; Siegel, 2002) . 59 3 Important knowledge gaps remain concerning how heat-exchanger surfaces in air-60 conditioning and mechanical ventilation (ACMV) systems influence indoor air quality. With 61 regard to microbial air quality, it is important to note that heat exchanger surfaces are 62 regularly wet in air-conditioning seasons in areas with moderate or elevated humidity. 63
Observational studies have documented that the use of cooling coils could increase 64 bioaerosol levels in indoor environments, suggesting a potential role of cooling coils as a 65 source of indoor bioaerosols (Hugenholtz and Fuerst, 1992 ; Abe, 1998; Bluyssen et al., 2003 ; 66 Jo and Lee, 2008) . In addition to the potential release of biological materials, another process 67 on cooling coil surfaces might also be important. Biological aerosol particles may deposit on 68 cooling coil surfaces and be removed from air. Some fraction of the deposited particles may 69 be transferred to the condensate water and be removed from the indoor environment through 70 the drainage process. However, only one prior study has discussed the possibility of such 71 bioaerosol deposition on cooling coil surfaces (Siegel and Walker, 2001 ). To the best of our 72 knowledge, no work has yet been published that experimentally investigates bioaerosol 73 deposition processes onto an air-conditioning cooling coil. 74
The objective of this research is to provide a systematic experimental investigation of 75 bioaerosol transformations across a typical fin-and-tube heat exchanger in a model vapor-76 compression ACMV system similar to those used in modern air-conditioned buildings in 77 tropical environments. In brief, the deposition fractions of ambient bioaerosols that include 78 bacterial and fungal aerosol particles, size-resolved total particles, as well as monodisperse 79 polystyrene latex (PSL) particles were measured for dry (not cooled) and wet (cooled) coils. 80
Total, bacterial and fungal DNA concentrations in condensate water draining from a wet coil 81
were also analyzed using a Qubit fluorometer and real-time PCR system. This study 82 contributes to a better understanding of bioaerosol transformation processes as pertinent 83 influences of indoor microbial air quality in air-conditioned buildings. 
Materials and Methods 85

Experimental apparatus and test procedure 86
This work was conducted using a laboratory apparatus (see Figure 1 ) in which a fin-and-87 tube cooling coil system was situated between connecting upstream and downstream ducts. 88
The cooling coil was of conventional design, comprising four rows of cylindrical copper 89 refrigerant tubes, which were oriented horizontally and to which were attached vertical 90 aluminum fins. The apparatus had a fin pitch of 3.1 fins/cm (within the common range of 2.4 91 to 7.1 fins/cm) and a center-to-center tube spacing of 7.6 cm. The corrugated fins were 0.1 92 mm thick and 44 mm deep in the direction of air flow. The copper tubes, which were inserted 93 into aluminum vertical fins with full fin collars, had an outer diameter of 1.59 cm and a 0.09 94 cm thick wall. 95
The test apparatus was sited in a laboratory that was open to ambient air during working 96 hours. A variable speed fan, installed at the inlet of the test coil system, pushed air through 97 3.6 m of straight 42 cm × 42 cm square upstream duct. The air then passed through the fin-98 and-tube heat exchanger which has the same area as the upstream duct (42 cm × 42 cm), 99 followed by another 3.6 m section of straight 42 cm × 42 cm square duct downstream. Air 100 speeds inside air-handling unit cooling coil systems commonly range from 1 to 4 m/s (Siegel 101 and Nazaroff, 2003; Siegel and Carey, 2001) . In this work, we used the variable speed fan to 102 test three air speeds for the open sections of the ducts: 1.0, 1.5 and 2 m/s. If not otherwise 103 specified, the results presented here are for an air speed of 1.5 m/s, which converts to a mass 104 flow rate of 1030 kg/h of dry air passing through the coil surfaces (Rim et al., 2015) . 105
This work was conducted in Singapore, where the ambient dew point temperature is 106 consistently high. Dry-bulb temperatures typically range from 25 to 32 °C and the ambient 107 relative humidity (RH) was always above 75% during these experiments. Continuous 108 measurements were made of air temperatures, RH and air speeds using air velocity meters5 (VELOCICALC Air Velocity Meter Model 9545, TSI Inc., Shoreview, MN, USA) at two 110 cross-sections that were positioned 0.5 m upstream and 0.5 m downstream of the cooling coil. 111
We utilized nine measurement locations defining a uniform grid through each of the two 112 cross-sections of the duct. Airflow parameter values are reported in Figure S1 in the 113 supporting information. When the cooling coil was operated, surface temperatures were also 114 continually measured using digital thermometers (Fluke 54 II B Dual Input Digital 115
Thermometer, Fluke Corporation, WA, USA). The measurement points were located on the 116 top of the side face for each of the four rows of copper refrigerant tubes (as marked by red 117 triangles in Figure 1 ). Results are shown in Figure S2 . 118
In this work we studied two operational conditions: cooling coil off ("dry coil," which refers 119 to a coil that is not being cooled and that is also not wet) and cooling coil on ("wet coil," 120 which refers to a cooled coil onto which condensation occurs continuously). For the dry coil, 121 the fan was on and the compressor was off for all experimental time. The entire system was 122 dry and nominally isothermal. Conversely, for the wet coil, the fan and the compressor were 123 on at all times. Cooling was achieved, and condensate water was produced, by sending the 124 coolant R-134a through the cooling coil system. Both modes of operation were tested in 125 steady state with regard to thermal conditions. 126
In our experiments, the surface temperatures of the wet coil (16 -6 °C from Row 1 to Row 4, 127 see Figure S2 ) were much lower than those of dry coil (room temperature, ~ 26 °C). For all 128 experiments, the cooling system as well as the fan were operated from 8 AM to 7 PM, 129
Monday through Friday, and were off for other times to simulate one type of typical 130 operation in commercial buildings in Singapore (Rim et al., 2015) . In this work, we found the 131 wet coil could produce the condensate water at a relatively stable flow rate after the 132 6 compressor was on for an hour. So, for the wet coil condition, all measurements were 133 conducted starting from 9 AM, i.e. after 60 min of coil operation. 134
Leakage test of the coil system 135
Before conducting the experiments, we cleaned the cooling coil with freshly purified 136 water and checked the test system for cleanliness and for leakage. We installed a HEPA filter 137 at the inlet of the system to remove particles from the ambient air and monitored the particle 138 concentrations both for upstream and downstream of the dry coil using optical particle 139 counters (OPC, AeroTrak® Handheld Particle Counter Model 9306, TSI Inc., Shoreview, 140 MN, USA). The ambient particle concentrations were also monitored at the same time using 141 three OPCs. Results confirmed that the maximum leakage rate was small enough to not 142 significantly influence the study objectives, as shown in Figure S3 . 143
Particle concentration monitoring 144
Total particles 145
Size-resolved particle concentrations were monitored upstream and downstream of the 146 cooling coil with OPCs and scanning mobility particle sizers (NanoScan SMPS nanoparticle 147 sizer 3910, TSI Inc., Shoreview, MN, USA) for both dry and wet coil conditions. The 148 upstream and downstream sampling arrays were located in the cross-sectional area of the duct 149 2.6 m upstream and 2.6 m downstream of the test coil, respectively. Each sampling array 150 comprised three equidistant vertical columns of Teflon sampling tubes into which were 151 drilled four equally spaced holes. The inner diameter of holes was selected based on the air 152 speed inside the duct to approximately achieve isokinetic sampling. The OPC measures 153 particle number concentrations in six size ranges: 0.3-0.5 µm, 0.5-1.0 µm, 1.0-2.5 µm, 2.5-5 154 µm, 5-10 µm and 10-25 µm. The SMPS was measured size-resolved particle concentrations 155 spanning the diameter range 10 to 420 nm. 
Monodisperse polystyrene latex (PSL) particles 157
To investigate in more detail the size-dependence of particle deposition on the cooling 158 coil, we also measured deposition using monodisperse spherical PSL particles (JSR Trading 159
Co., Ltd., Tokyo, Japan) across both the dry and wet coil. The PSL suspension (concentration 160 = 10 8 particles/mL) was aerosolized using a Collison nebulizer (CN24, BGI Inc., Waltham, 161 MA), which was operated at a flow rate of 2.5 L/min with nitrogen gas. The resulting aerosol 162 flow was delivered into the upstream zone of the test system. During the PSL tests, a HEPA 163 filter was installed at the duct inlet to remove ambient particles from the test system. 164
Airborne PSL concentrations were measured upstream and downstream of the coil with 165
OPCs in the same locations in the duct as total particles described in §2.3.1. Four PSL 166 diameters were tested independently: 0.8, 2.0, 3.3 and 5.1 µm. Nine replicate experiments 167
were conducted for each size. 168
Bioaerosol sampling 169
To collect bioaerosol samples for subsequent analysis, during each experimental trial, air 170 upstream and downstream of the coil was isokinetically sampled for 9-h periods (daily from 9 171 AM to 6 PM) using in-line sterilized membrane filters (Super 200, Pall Corporation, 172
Michigan, USA) at a sampling flow rate of 15 L/min with similar sampling arrays as for 173 particles (see §2.3.1). The air sampling flow rate was calibrated using a Gilibrator-2 174 (Sensidyne, Inc., Petersburg, FL, USA) both before and after sampling. We also placed a 175 quality-control blank filter in a holder and left it exposed in the ambient air near the test coil 176 system for 9 hours. Table S1 . 187
Collection of condensate water produced by wet AC cooling coil 188
Condensate water samples of 1-L volume were collected at intervals of 60 min (collection 189 times = 9 AM through 2 PM) using sterile centrifuge tubes (Corning, Inc., New York, USA) 190
for all experiments in which the coil was cooled. In addition, 500-mL samples of condensate 191
water from an AHU air-conditioning system used in a commercial building in Singapore 192
were also collected at 8 AM, 2 PM and 6 PM on Fridays for three successive weeks. In 193 contrast to the laboratory test system, the commercial-building AHU processed return air 194 from offices that had high human occupancy. All water samples were analyzed with the 195 molecular methods described in §2.6. 196
DNA extraction and quantification 197
After sampling, DNA was extracted from membrane filters used for air sampling and 198 from the blank control filters. Condensate water was first processed using filter funnels with 199 0.22 µm membrane filters (MO BIO Laboratories, Carlsbad, CA, USA) and then these filters 200 were extracted for DNA using the same procedure as for air-sampling filters. Extractions 201 were performed using the PowerWater ® DNA Isolation Kit (MO BIO Laboratories, Carlsbad, 202 CA, USA). We followed the manufacturer's recommended procedures with an additional step 203 of water bath sonication to improve DNA yield (Luhung et al., 2015) . To briefly summarize, 204 first, the filter was placed into a 5-ml tube with 1 ml preheated PW1 (a strong lysing reagent), 
Quantifying bioaerosol and particle deposition fractions 239
The deposition fraction of total particles, PSL and bioaerosol DNA on the cooling coil, ŋ, 240 was evaluated using this equation: 241
(1) 242 where C upstream is the analyte concentration of the air upstream and C downstream is the analyte 243 concentration of the air downstream of the cooling coil. Bioaerosol deposition fractions were 244 calculated using measured DNA concentrations from the sampling filters. The deposition 245 fraction for particles and PSL was determined from measured number concentrations. 246
Quantifying condensate generation rate and calculated DNA concentration in 247 condensate water 248
The generation rate of condensate water depends on environmental conditions and can be 249 calculated from air temperature, relative humidity and air flow rate data, as shown in 250 equation (2): 251
In this equation, Q condensate is the volumetric flow rate of condensate water from the cooling 253 coil, under steady drainage conditions (L/min), F dryair is mass flow rate of dry air through thecoil (kg min -1 ), W is the humidity ratio of the air upstream and downstream of the coil (kg of 255 water vapor per kg of dry air), and ρ is the density of liquid water (1.0 kg liquid water per L). 256
The humidity ratio is calculated using equation (3): 257 W =0.622 P w / (P-P w ) (3) 258
where P w is the partial pressure of water vapor, evaluated from the relative humidity and air 259 temperature (see, e.g., Table 1 in Rim et al., 2015) and P is the total air pressure. 260
We computed a benchmark estimate of the DNA concentration in condensate water by 261 assuming that the DNA lost from the airstream was transferred quantitatively to the draining 262 condensate. The measured concentration could be compared to this benchmark to provide an 263 indication of whether (a) much of the deposited DNA was retained on the coil or (b) DNA 264 was shed as an outcome of microbial replication on coil surfaces. The benchmark estimate is 265 computed from equation (4): 266 
Statistical Analysis 273
The experimental data were analyzed by a paired t-test utilizing SigmaPlot version 10 274 software, and one-way ANOVA tests. Values of p < 0.05 were taken to indicate a statistically 275 significant difference. 276 12
Results 277
Particle deposition fraction 278
As expected, the deposition fraction on the test coil varied with particle size. For 279 supermicron particles, the deposition fraction increased with increasing particle size for both 280 dry and wet coils (see Figure 2) . Across the diameter range 1.0 to 25 µm, the deposition 281 fractions of particles were found to be higher than 0.11 (Figure 2(a) (Figure 2(a) and Figure S4 ). The monodispersed PSL particle deposition was 285 also found to increase with increasing particle size, as shown in Figure 2 (b). Increasing 286 deposition rate with increasing size for supermicron particles is consistent with expectations, 287 with inertial drift being the dominant particle transport process inducing deposition (Siegel 288 and Nazaroff, 2003). 289
We observed that the deposition fraction was substantially higher onto wet coil surfaces 290 than onto dry coils for supermicron particles, both for total ambient particles and for 291 monodisperse PSL particles. Note that the four rows of fin-and-tube coil surfaces were dry 292 and isothermal for the dry coil condition, but were wet with a continuous flow of condensing 293 water for the wet coil condition. The tube surfaces for the wet coil were progressively cooler 294 in the streamwise direction, ranging from 16 °C for Row 1 to 6 °C for Row 4 ( Figure S2) . 295
Two mechanisms could contribute to the higher deposition fraction on wet coil surfaces. 296
First, condensed moisture on the cooling coil surfaces would produce a decreased channel 297 width, inducing higher air speeds and lower travel distances, and thereby enhancing inertial 298 impaction. A second possible contributor to enhanced particle deposition is faster transport 299 toward the surface owing to one or both of thermophoresis, induced by the thermal gradient 300 toward the cool coil surfaces, and diffusiophoresis, induced by the net flux of water vapor13 toward the condensing coil surface. 302
Bioaerosol deposition fraction 303
We found substantial bioaerosol particle deposition to the cooling coil, especially when 304 cool and wet. Downstream air was found consistently to have lower DNA concentrations in 305 bioaerosols than upstream air both for dry and wet coils (Figures 3 and 4) . For the dry coil, 306 the deposition fractions were small: 0.14 for total DNA, 0.18 for bacterial DNA and 0.22 for 307 fungal DNA, respectively. By contrast, when the coil surfaces were cool and wet, with active 308 water condensation from the air, the deposition fractions increased markedly: 0.51 for total 309 DNA, 0.50 for bacterial DNA and 0.68 for fungal DNA, respectively. For the dry coils, the 310 measured deposition fractions were not statistically different from zero (p = 0.25 -0.38). 311
However, for the wet coils, total, bacterial, and fungal DNA concentrations differed between 312 the upstream and downstream sampling locations with statistical significance (p-values < 313
0.05). 314
The cooling coil exhibited similar removal effects for bacterial and fungal bioaerosol 315 particles (Figure 4) , although there was somewhat higher deposition for fungal DNA than for 316 bacterial DNA. These measured differences might have been originated from different 317 particle sizes. Fungal bioaerosols may be larger than particles containing bacterial DNA 318 (Després et al., 2012) , and, as we have shown for particles (Figure 2) , larger particles exhibit 319 a larger deposition fraction than do smaller particles in the supermicron size range. 320
Considering the data in Figures 3 and 4 , we also found that the total bacterial and fungal 321 DNA (71-355 fg of DNA per kg of dry air) contributed only a very small fraction of total 322 DNA (64-70 pg of DNA per kg of dry air) to the air samples. In addition to microbial DNA, 323 environmental DNA-containing bioaerosols can include pollen, viral DNA, vegetation debris 324 and insect debris (Eduard et al., 2012) . 325
We observed that the deposition of bioaerosols could also be affected by air speed14 through the test coil. Although the general patterns of fractional DNA deposition across the 327 cooling coil were similar, the deposition fractions for air speeds of 1, 1.5 and 2 m/s were 328 distinguishable (Figures 3 and S5) . For the dry coil, the deposition fraction of total bioaerosol 329 DNA increased from 0.11 for an air speed of 1 m/s to 0.16 for 2 m/s. On the cool, wet coil, 330 the deposition fraction of total DNA increased from 0.44 for an air speed of 1 m/s to 0.54 for 331 2 m/s. Thus, higher air speeds produced more deposition for both dry and wet coils, 332
indicating that air speed is another parameter that affects biological particle deposition onto 333 cooling coil surfaces. 334
From the data presented in Figures 3 and 4 As the cooling system was operated from 8 AM to 7 PM, one can estimate that the maximum 342 daily deposition for bacterial particles onto the tested cooling coil was 0.1 million bacterial 343 cells. If some proportion of these bacterial cells remain attached, remain viable and 344 reproduce, then some of the generated cell mass and/or the microbial metabolic byproducts 345 might be re-entrained into the air stream, potentially degrading indoor air quality. Total DNA and microbial DNA concentrations in the condensate water exhibited different 364 time trends. The total DNA concentrations were fairly stable (ranging from 10 to 13 ng/L) 365 throughout the day. That result is consistent with a hypothesis that this DNA was in 366 condensate water directly as a consequence of current deposition from air onto coil surfaces 367 followed by an effective washing of the deposited DNA with the condensing water. In 368 contrast, both bacterial and fungal DNA concentrations showed a downward trend with time 369 during the course of a sampling day. This aspect was especially distinctive early: the 370 concentration of microbial DNA in condensate water for the first hour of operation was an 371 order of magnitude higher than the concentrations in later samples. A similar downward trend 372 was also found for bacterial DNA concentrations in the condensate water produced by 373 cooling coils from a commercial-building AHU ( Figure S6) . 374
A plausible explanation for this observation is that the microbial DNA was systematically 375 higher in ambient air during the morning hours. However, it seems improbable that thedifference in airborne microbial DNA levels with time of day would be sufficiently large to 377 explain the condensate-water trends. An alternative possible explanation is that some of the 378 deposited bacteria and fungi were viable and the viable microbes may have reproduced on 379 cooling coil surfaces while the system was off overnight. It is feasible that viable bacteria and 380 fungi deposited during the daytime grow on cooling coil surfaces during the night if 381 environmental conditions (e.g., temperature, moisture, and nutrient levels) are suitable. 382
Biodegradable organic matter from both the gas and particle phase could deposit on the 383 cooling coil during operation providing a substrate for microbial growth. Considering the 384 moist surfaces during operation, the persistently high RH and the chronically warm 385 temperatures in Singapore, cooling coil surfaces might provide very good conditions for 386 microbial growth during daily and/or weekly periods of ACMV system inoperation. A recent 387 study in Singapore found evidence of rapid growth of Sphingomonas on a detergent-cleaned 388 cooling coil surface, with a relative abundance of 5% in the first 3 days after the cleaning to a 389 relative abundance of 30% in 11th days after the cleaning, while its relative abundance in the 390 upstream air was always smaller than 5% (Acerbi et al., 2016) . 391
Measured and calculated DNA concentrations in condensate water 392
Figure 6(a) compares measured and computed DNA concentrations in the condensate 393 water for the first consecutive seven days of operation in the wet mode. The computed 394 concentration ranged from 24 to 43 ng/L. The measured concentration was more variable, 395 ranging from 10 to 63 ng/L, with a maximum value four times higher than the central 396 tendency values shown in Figure 5 . For the first four days, measured concentrations in the 397 condensate water were elevated above the computed values. These elevated DNA collection 398 rates at the early stage of wet coil operation might be explained by the measured values 399
including not only the currently deposited materials from the air, but also contributions from 400 the washing of previously accumulated DNA, e.g., from dry coil operation. Starting from thefifth day of wet coil operation, measured DNA concentrations in the condensate water began 402 to be lower than the calculated values, suggesting that some newly depositing bioaerosols 403 materials weren't being removed and remained in the test coil system. The difference 404 between the measured and calculated concentrations of DNA in condensate water shows a 405 steady downward trend (Figure 6(b) ). 406
Interpreting the combined the data depicted in Figures 5 and 6 , it appears that the 407 condensate water serves a cleaning function for the cooling coil system, removing a large 408 portion of the deposited biological materials from the cooling coil surfaces. However, it also 409 appears that some biological materials that deposit from the air remain in the cooling coil 410 system, at least temporarily. If some of the retained DNA is associated with viable microbes, 411 they could contribute to the fouling of heat exchanger surfaces, diminishing the designed 412 purpose of the heat exchanger and also potentially degrading indoor air quality. 413
Discussion 414
Deposition fraction comparisons with literature 415
Data regarding particle deposition on the test coil can be compared with previous 416 modeling and experimental studies (Siegel and Carey, 2001; Siegel, 2002; Siegel and 417 Nazaroff, 2003; Waring and Siegel, 2008) . For example, Siegel and Nazaroff (2003) reported 418 that particle deposition on cooling coils should increase with increasing diameter and 419
increasing airspeed based on model predictions and experimental measurements, outcomes 420 that are qualitatively similar to the findings in the present work. The predicted deposition 421 fractions from that study are somewhat smaller than measured in the present study. 422
Contributing to the difference may be the geometries of the two heat exchangers as well as 423 the climatic factors in which these two studies were conducted. Based on modeling of 424 transport and deposition processes, previous studies also suggest that deposition of 425 supermicron particles should be enhanced to a wet cool coil surface as compared to a dryisothermal surface (Siegel, 2002; Waring and Siegel, 2008) , a prediction that is qualitatively 427 consistent with our experimental data, as shown in Figure 2 . 428
The present study contributes new experimental data regarding bioaerosol deposition onto 429 cooling coils. Although there is a literature discussing total particle deposition based on either 430 modelling or experiments, there are no prior published studies that have directly assessed 431 deposition of bioaerosol particles. Based on a mass-transport model, Siegel (2002) suggested 432 that bioaerosols would have deposition fractions in the range 20-40% for cool, condensing 433 coils with an air speed of 1.5 m/s. Here, we have obtained similar but somewhat higher 434 experimental values. Because of the importance of particle size as an influencing factor, we 435
anticipate that the DNA deposition fraction would vary in accordance with the varying 436 bioaerosol size distributions in the airstream approaching the cooling coil. However, it 437 remains a considerable challenge to measure the particle size distribution of microbial DNA 438 in air (e.g., Yamamoto et al., 2014) . In the absence of size-resolved data, the aggregate 439 measures we report here may be useful as a basis for quantitative assessments. 440
Microbial growth on cooling coil surfaces 441
Previous studies have hypothesized that the moist areas on and around cooling coils may 442 provide suitable conditions for microbial growth (Hugenholtz and Fuerst, 1992 
Is bioaerosol deposition on cooling coil surfaces good or bad? 453
We found that deposition of particles and bioaerosols was substantial onto cooling coil 454 surfaces. Cooling coil surfaces could contribute to the removal of particles and bioaerosols 455 from the airflow, thereby contributing to lower airborne concentrations and associated human 456 exposures in occupied spaces. Viewed narrowly, deposition on cooling coil might be 457 considered a good outcome. However, particle and bioaerosol retention on cooling coil 458 surfaces may also result in subsequent problems. One concern is increased energy 459 requirements owing to the addition of thermal resistance associated with deposited materials 460 and/or biofilms forming on the fin-and-tube heat exchanger, as has been suggested in 461 previous studies (Siegel and fragments. This second concern, in which the cooling coil surface becomes a potential site for 465 net bioaerosol emissions, was indicated by the work of Hugenholtz and Fuerst (1992) . They 466 found that post-coil air had much higher bacterial concentrations than pre-coil air. A third 467 concern is the possible degradation of cooling coil surfaces caused by the deposited 468 materials, which may contribute to a shortening of the useful life of these components in air 469 conditioning systems. 470
Conclusions 471
People in indoor environments commonly inhale air that has contacted fin-and-tube heat 472 exchangers. The interaction between the air and the cooling coils can influence indoor air 473 quality. One important concern is bioaerosols. This investigation has provided new 474 quantitative information regarding how fin-and-tube heat exchangers modify indoor20 bioaerosol air quality. We have primarily reported on the experimental deposition fractions of 476 bioaerosols measured across fin-and-tube cooling coils in a laboratory model of a core 477 portion of an air handling system. In this study, we found that the cooling coil is a substantial 478 sink for bioaerosols and exhibits similar deposition patterns for bacterial and fungal 479 bioaerosol particles. The fractional particle deposition depends on particle size, air speed and 480 operation mode of the cooling coil. We have also found that the flow of condensing water 481 from wet coils carries DNA at rates comparable to the rates of direct deposition from air. The and calculated DNA concentrations in condensate water. Before Day 1, the dry cooling coil 642 had been continually on during daytime for about two weeks. For the seven-day experimental 643 period, the cooling system as well as the fan were operated for 11 hours per day starting at 8 644 AM, and were off for all other times. For each of seven test days, 3×1 L of condensate water 645 was collected at intervals of 60 min (collection times = 9 AM through 2 PM) and analyzed as 646 described in §2.6. Data points represent averages of three independent repeated experiments 647 and error bars represent the standard deviations for these three measurements. 648 649
